We have investigated improvements to PET-MR image registration offered by PET-CT scanning. Ten subjects with suspected soft-tissue sarcomas were scanned with an in-line PET-CT and a clinical MR scanner. PET to CT, CT to MR and PET to MR image registrations were performed using a rigid-body external marker technique and rigid and non-rigid voxel-similarity algorithms. PET-MR registration was also performed using transformations derived from the registration of CT to MR. The external marker technique gave fiducial registration errors of 2.1 mm, 5.1 mm and 5.3 mm for PET-CT, PET-MR and CT-MR registration. Target registration errors were 3.9 mm, 9.0 mm and 9.3 mm, respectively. Voxel-based algorithms were evaluated by measuring the distance between corresponding fiducials after registration. Registration errors of 6.4 mm, 14.5 mm and 9.5 mm, respectively, for PET-CT, PET-MR and CT-MR were observed for rigid-body registration while non-rigid registration gave errors of 6.8 mm, 16.3 mm and 7.6 mm for the same modality combinations. The application of rigid and non-rigid CT to MR transformations to accompanying PET data gives significantly reduced PET-MR errors of 10.0 mm and 8.5 mm, respectively. Visual comparison by two independent observers confirmed the improvement over direct PET-MR registration. We conclude that PET-MR registration can be more accurately and reliably achieved using the hybrid technique described than through direct rigid-body registration of PET to MR.
Introduction
Early and prompt diagnosis of soft-tissue sarcoma is critical for a successful outcome but, while magnetic resonance (MR) and contrast enhanced computed tomography (CT) scanning are essential investigations, they are not themselves diagnostic. Positron emission tomography (PET) imaging in conjunction with the glucose analogue [18F]2-fluoro-2-deoxy-D-glucose (FDG) has repeatedly proved its usefulness in the grading and staging of soft-tissue sarcoma (Adler et al 1991 , Nieweg et al 1996 , Eary and Mankoff 1998 , but biopsy and histological examination remain the gold standard for diagnosis.
Soft-tissue sarcomas (STS) are a heterogeneous group of tumours and biopsy should only be performed following a thorough radiographic assessment to determine the extent of disease (Khatri and Goodnight 2005) . Even so, 17.8% of biopsies of musculoskeletal tumours yield inaccurate diagnoses (Mankin et al 1996) due, in part, to failures in acquiring a representative tissue sample.
In addition to its current role in staging STS, FDG-PET can improve the accuracy of the biopsy procedure (Hain et al 2003) . The PET functional map of hypo-and hypermetabolic regions, once accurately combined with anatomical information from other imaging modalities, particularly MR, could potentially guide the biopsy towards the most aggressive region of the tumour. However, STS pose a particular set of problems to those trying to achieve accurate image registration.
As its name suggests, soft-tissue does not adhere particularly well to the rigid-body assumptions that lie at the heart of many registration algorithms and non-rigid techniques are hard to validate (Hutton and Braun 2003) , especially for low-resolution, noisy PET images that lack anatomical features. Additionally, heterogeneous FDG uptake can cause voxel-similarity algorithms to fail, and external markers that allow registration independently of image content, while providing a measure of tissue deformation, remain an effective choice for the accurate and reliable intermodality registration of STS (Somer et al 2003) .
FDG-PET images are increasingly available with a corresponding CT scan from a PET-CT scanner and having an anatomical CT scan that is already spatially aligned with the PET data makes alternative image fusion techniques possible. These may improve the accuracy and reliability of PET to MR registration.
Here, we consider the potential improvements offered by PET-CT over dedicated PET in the registration of PET and MR data for the study of soft-tissue sarcoma. In particular we examine the alignment accuracy of the PET and CT components of the PET-CT scan and, having validated that, we consider the rigid-body and deformable registration of PET to MR using a CT to MR derived transformation. Results are compared with those of direct rigid and non-rigid PET to MR registration achieved using both external markers and the voxel-similarity algorithm to allow a quantitative evaluation of registration errors in clinical data sets.
Materials and methods

Measurement of registration errors
In this study we used external markers to directly register PET with MR data using a pointbased algorithm, to assess misalignment of the PET and CT components of the PET-CT scan and to measure errors in PET to MR and CT to MR registration performed using automated voxel-similarity techniques. Internal features localized on CT or MR can provide useful landmarks for both registration and registration evaluation but corresponding points are hard to accurately identify in PET images. Although subject to skin and soft-tissue movement the external markers used in this study are visible in all pertinent modalities and can be localized with predictable accuracy.
The rigid-body point-based registration problem involves the selection of a threedimensional translation and a rotation that aligns a set of fiducial points in the first or floating data set with a corresponding set in the second reference image such that the root-mean-square distance between all corresponding points is minimized (Fitzpatrick et al 1998) . This residual distance between points is often referred to as the fiducial registration error (FRE).
In this case, a fiducial point is the centroid of a marker localized in the three-dimensional image space of the PET, CT or MR scanner and such localization introduces a source of error. Fiducial localization error (FLE) arises primarily from operator error when interactively selecting points, but various systematic errors such as scanner distortions and the discrete nature of image voxels, also contribute to the total FLE. In this study, we assume that the errors in fiducial localization are isotropic and randomly distributed about a zero mean so we can say
where σ 2 x , σ 2 y and σ 2 z are the variances in the fiducial location relative to the x-, y-and z-axes (Maurer et al 1993) .
In numerical simulations (Fitzpatrick et al 1998) and in practice where tissue deformation is absent (Somer et al 2003) , the FRE is solely dependent on the FLE for each modality involved and the number of fiducial points (N) used for the registration. If FLE MR and FLE PET are the fiducial localization errors associated with MR and PET imaging, respectively, then
Given that soft-tissue masses may arise in easily deformable tissue relatively close to the skin surface, it is important to consider 'surface' errors, e.g. at the fiducial markers, in addition to misalignments within deeper tissue. An increase in the measured FRE compared to the expected FRE may reflect skin and soft-tissue movement and can help determine the significance of such effects on overall registration accuracy. Although also affected by marker movement, the most useful accuracy measure when verifying point-based registration is the target registration error (TRE). This can be measured by excluding one of N external markers from the registration process and considering the residual distance at this point-pair after registration. If the registration is repeated excluding each marker in turn, the RMS error for these N operations, here denoted as TRE, provides a useful indication of the registration error at these markers, here on the periphery of the imaged volume, and hence the maximum error expected within the volume of interest for each subject.
If the transformation suggested by an automated registration algorithm is applied to the coordinates of the markers in the floating data set, the automated registration error (ARE) can be calculated as the RMS distance between these transformed markers and those in the reference data set to provide an accuracy measure comparable with TRE measured in our point-based registration evaluation. This measure is still subject to fiducial localization error so the minimum value we could expect, even with perfect rigid-body registration, would not be better than the expected value of FRE from (2).
Marker design and scanner couch modification
The external markers used in this study were manufactured in-house from two pieces of acrylic which were machined with a 5 mm diameter hemisphere, sandwiched together then drilled to create a filling hole that was capped with a nylon screw and rubber O-ring (Somer et al 2003) . In the previous study, the markers only needed to be visible to PET and MR and were filled with FDG diluted with a solution of gadopentetate. The addition of CT contrast agent (2 parts Omnipaque TM (350 mg I ml -1 ) to 8 parts FDG/gadopentetate solution) made the markers visible to all the imaging modalities studied here (figure 1). Three of the studies reported here were performed on a mobile scanner (Discovery ST, GE Medical Systems) with an in-house bed flattening insert that matched the MR scanner (1T Impact Expert, Siemens) couch profile while the remainder were performed on a static scanner (GE Discovery ST) with a proprietary radiotherapy planning bed insert. The mobile scanner remained on-site between acquisitions and was of the same make and model as the static scanner. Differences between couch inserts had no significant effect on PET-CT image alignment in patient studies and a regular QC program ensured both scanners operated within the manufacturers specified tolerances.
Patient selection
Ten patients due to undergo PET-CT scanning for suspected soft-tissue sarcoma at various anatomical sites were selected from the routine clinical workload of the Guy's and St Thomas' Orthopaedic Clinic. PET-CT with MR registration is part of the standard work-up for these patients and this study was performed on a clinical audit basis with the approval of Guy's and St Thomas' Clinical Audit Board. The characteristics of the patient group are outlined in table 1.
Measurement of PET-CT gantry alignment
The scanning couch of the Discovery ST consists of a rail-mounted pillar that supports a sliding tabletop (figure 2). This supporting pillar can take one of two positions, depending on whether a CT or PET scan is being acquired. The sliding tabletop moves freely according to the region being imaged. The PET and CT gantry are aligned with the scanning couch as part of the camera installation procedure. First, an initial hardware alignment is achieved by adjusting the couch position relative to the iso-centre of the CT system. Then, CT and PET transmission images of a phantom containing a number of glass marbles are acquired to allow calculation of a rigid-body transformation that is subsequently applied during PET image reconstruction. Experimental setup to test PET-CT alignment of the GE Discovery ST under different couch loading conditions. Numbered items are: (1) 10 kg weights (set up to mimic a 70 kg patient head-in to the scanner bore), (2) tri-square phantom with registration markers attached (also shown inset), (3) sliding tabletop with radiotherapy insert and (4) supporting pillar. The tabletop carries the patient through the gantry as the scan is acquired while the supporting pillar remains fixed in either the CT scanning position or the PET scanning position, which is closer to the gantry. Right quadratus lumborum 9 × 9 × 10 Low-grade uptake in right para-spinal region, SUV max = 3 10 Left anterior chest deep to the pectoral muscle 2 × 2 × 5 Muscle uptake but no specific focus related to the mass seen inferior to the left clavicle on CT
The accuracy and dependence of this calibration upon patient weight was assessed by loading the couch with a series of weights, before scanning a tri-square jig containing nine registration markers (figure 2, inset). The phantom was positioned approximately 6 cm, 58 cm or 110 cm from the end of the couch so images were acquired with the tabletop in three positions relative to the supporting pillar. 10 kg weights were distributed on the couch to mimic a 70 kg patient orientated both head-in or feet-in to the scanner bore. The misalignment of PET and CT was measured at corresponding markers in the tri-square phantom images before a rigid-body registration transformation was calculated. The same phantom was also imaged in a single position within the MR scanner.
Study protocol
Patients were injected with approximately 350 MBq of 18 F-FDG, and after a 60 min uptake period a standard half-body PET-CT scan was acquired. Nine markers were then prepared and distributed around the volume of interest before the patient was sent to the MR department. The standard MR protocol for sarcoma patients takes about 25 min including a pre-and postcontrast and a short T1 inversion recovery (STIR) sequence. Following this a T1-weighted spin-echo scan (25 × 4 mm contiguous transverse slices per bed position, display pixel size 1.56 mm × 1.56 mm, 256 × 256 matrix) was acquired for registration with PET and CT. On their return to the PET suite, approximately 4 h post-injection, a PET-CT local view was acquired (CT: 140 kV, 80 mA, PET: 10 min/bed, 2D mode) over the region of interest, taking care to include all external markers. Patients were instructed to breathe normally in accordance with the standard protocol in our institution. PET data were reconstructed using an iterative algorithm (OSEM: 1 iteration, 30 subsets) with CT-based attenuation correction (CTAC).
All PET images were reconstructed into a 128 × 128 matrix with a voxel size of 4.69 mm × 4.69 mm × 3.27 mm while CT images were reconstructed into a 512 × 512 matrix with a voxel size of 0.98 mm × 0.98 mm × 3.27 mm. PET and CT data were also rebinned using trilinear interpolation into a common 256 × 256 matrix with a voxel size of 1.95 mm × 1.95 mm × 3.27 mm.
Where the use of surface coils and field offsets gave an MR in-plane field-of-view (FOV) that was less than half that of the PET (25 cm), a sub-volume approximately centred on the volume of interest with the same voxel size but half the original in-plane PET-CT FOV was extracted from the original data PET-CT and used for registration evaluation. As the complete overlap of MR data by PET-CT is maintained this process should have no direct effect on final PET-MR and CT-MR registration accuracy. In the case of PET-CT registration, where regions containing mismatched date may have been excluded, a modest improvement may be expected. However, this pre-processing step ensures that the solution to the registration problem is within the range of the search algorithm and prevents 'false starts' where registration between contralateral limbs (or lungs) causes an increase in image similarity without convergence to the 'correct' solution. In three subjects (2, 3 and 4) the contralateral limb was not imaged with MR, in the fourth (subject 6) only the left side of the upper torso was scanned. The necessity of this step is illustrated by comparison of the results of rigid-body image content registration for the four data sets in which it was performed.
Description of the CISG registration toolkit and registration optimization
The CISG registration toolkit (Hartkens 2003 ) (version 2.0), developed within this institution, implements algorithms for rigid-body, affine and non-rigid voxel-based registration (Studholme et al 1997 , Rueckert et al 1999 . All algorithms use a multiresolution search Table 2 . Optimization scheme for the CISG registration algorithm. The voxel size at the final resolution level is that of the reference image.
Resolution
Step scheme with iterative optimization algorithms. These search registration parameter space (translations and rotations for rigid transformations, control point displacement for non-rigid transformations) for the globally optimal solution based on the chosen cost function. This search continues until the optimal solution is found or the maximum number of iterations has been reached. Parameter space is searched with a decreasing step size to speed computation and help avoid locally optimal solutions. The multiresolution scheme, which is applied to the images but not the control points, also reduces the computation time and influence of local optima. The configuration parameters therefore include the number of resolution levels, the number of steps at each level, the initial step size, the voxel-similarity measure and, for non-rigid registration, the control point spacing. The optimization scheme for a registration using three resolution levels, two steps and an initial step size of 1 mm is illustrated in table 2.
Alignment of PET and CT images
The accuracy of the alignment between the PET and CT components of the PET-CT scan was determined for each subject by calculating the RMS distance between corresponding fiducial markers before any registration was attempted.
Rigid-body point-based registration
Rigid-body transformations were calculated for PET to CT, PET to MR and CT to MR registration using an implementation of the Arun algorithm (Hill 1993 , Arun et al 1987 . The FRE were noted and TRE calculated for all modality pairs in each subject. The FLE was measured by a single operator who repeatedly picked a set of five markers in random order (100 marker localizations per image) before calculating the common variance along the x-, yand z-axes to give the FLE in each modality from (1).
Rigid-body voxel-similarity registration
Rigid-body transformations were calculated for PET to CT, PET to MR and CT to MR registration using the CISG registration toolkit. Registrations were performed at three resolution levels with 1, 2 or 4 steps and an initial step size of 1, 2 or 4 mm. Both whole and reduced field-of-view PET and CT data sets at their original and resampled resolution were registered to each other and to MR using mutual information (MI) and normalized mutual information (NMI) as the similarity measure. Having found a first solution the algorithm was initialized with this estimate and restarted in an attempt to prevent fixing on local optima. The ARE was measured following each registration.
Non-rigid voxel-similarity registration
Non-rigid transformations were calculated for PET to CT, PET to MR and CT to MR registration using the CISG registration toolkit. Registrations were initialized with their corresponding rigid-body transformation. Registration was performed at a single resolution level with four steps, an initial step size of 4 mm and a control point spacing 40 mm or at three resolution levels with two steps, an initial step size of 2 mm and a control point spacing of 20 mm. Normalized mutual information was used as a similarity measure and the ARE was measured for all registrations performed.
Registration of PET to MR using the CT to MR transformation
Rigid and non-rigid CT to MR transformations were applied to PET data to align it with MR. Any improvement in ARE gained from the rigid-body registration of PET to CT before applying the CT to MR transform was also measured.
Visual assessment of PET to MR registration
Two experienced nuclear medicine physicians were asked to grade four of the PET to MR registration techniques with a score between 1 and 5. Assessors were asked to concentrate on the accuracy of the alignment in the region of the mass and surrounding structures and to disregard any obvious misalignment at the external markers. A score of 5 was allocated in studies showing excellent alignment, 3 to images exhibiting some misalignment but remaining clinically useful and 1 indicated clinically unacceptable registration with severe misalignment. The PET to MR registration techniques assessed were: external marker rigid-body registration, direct voxel-similarity rigid-body registration, indirect voxel-similarity registration using the CT to MR rigid-body transform and indirect non-rigid voxel-similarity registration using the CT to MR transform. The scorers were blinded as to which technique they were assessing and were also asked to rank the alignment of the four image pairs for each subject from best to worst.
Results
Measurement of FLE and expected values of FRE
The FLE for each modality are tabulated in table 3. Inserting these values into (2) the expected values of FRE for perfect registration using nine markers are 1.4 mm, 1.4 mm and 0.9 mm, respectively, for PET-CT, PET-MR and CT-MR registration at the acquired image resolution. The FRE measured in the tri-square phantom experiment were 1.8 mm, 1.7 mm and 0.9 mm for the same modality combinations while target registration errors were 2.5 mm, 2.3 mm and 1.2 mm, respectively.
Alignment of PET and CT
A PET-CT alignment was performed on the static PET-CT system according to the manufacturer's instructions before phantom images were acquired with the couch unladen and loaded as previously described. The RMS PET-CT alignment errors ranged from 1.6 mm (T1 TSE) 0.14 0.10 0.11 0.45 Fiducials were localized interactively by a single operator who selected each point in the transaxial, coronal and sagittal planes. The mean location was then calculated. This is an improvement over the single plane localization employed by Somer et al (2003) . The voxels in the resampled CT image are larger, while those in the resampled PET image are small than those in the original images. This would contribute to the observed changes in FLE. Images were displayed with the same 'on-screen' dimensions and the display interpolation applied to the original PET data may account for the increased axial variance.
to 3.1 mm. With the couch loaded to mimic 'head-in' scanning, errors on the y-axis (vertical) varied between 0.5 mm and −1.4 mm as the tabletop was extended into the scanner, being minimized in the intermediate position. Similar results (0.6 mm to −1.8 mm) were observed with 'feet-in' loading. Errors along the z-axis (parallel to bed motion) decreased from 2.4 mm to 0.6 mm as the tabletop was extended into the scanner bore. The maximum rotational error was 0.7
• about the z-axis. These errors were within the manufacturer's specification. This alignment evaluation was not repeated on the mobile PET-CT system. In the clinical studies the RMS distance between fiducials in the PET and CT scans of the ten subjects was 6.0 mm, with a maximum error at a single marker pair of 16.8 mm. This marker was situated on the outside of the subject's thigh just below the hip and was consequently particularly affected by muscular contraction and relaxation.
External marker registration and rigid-body voxel-similarity registration
The RMS FRE over all subjects for PET-CT, PET-MR and CT-MR registration using external markers were 2.1 mm, 4.9 mm and 5.1 mm, respectively. The RMS TRE for the group were 3.9 mm, 11.5 mm and 11.1 mm for the same modality combinations. The maximum errors of 26.7 mm and 26.8 mm measured at a single marker pair were respectively observed in PET-MR and CT-MR registration of subject 10 where a supporting cushion used during PET-CT scanning was not used during the MR procedure. In practice, this support caused an obvious displacement of markers furthest from the volume of interest and only five fiducials were suitable for the point-based assessment of MR registration. Given the dependence of FRE and TRE on N (Fitzpatrick et al 1998) , exclusion of this subject from the group is justifiable and decreases the PET-MR and CT-MR RMS TRE to 9.0 mm and 9.3 mm, respectively. With this exclusion the RMS PET-MR and PET-CT FRE become 5.1 mm and 5.3 mm, respectively. Automated registration error is however independent of the number of marker pairs at which it is assessed, so the reduction in the number of markers did not adversely affect the assessment of rigid-body or non-rigid PET-MR and CT-MR ARE in this subject and the results are included with those of the other subjects.
The results of the automated registration, particularly in terms of reliability, were dependent upon the resolution of the images registered and the registration search parameters. Taking a value of ARE greater that 20 mm to indicate failure, PET-CT registration failures (all occurring in subject 3) were most frequent using data at its original resolution and when using MI as the similarity measure. Registration to the lower resolution CT image also saved considerable processing time. An error comparison for registration of PET to CT at original and resampled image resolutions for a variety of algorithm optimizations is given in figure 3(a) . The optimum search parameters for PET-CT alignment were registration at three resolution levels, with two steps and an initial step size of 2 mm taking NMI as the similarity measure. These parameters resulted in an RMS ARE 6.4 mm. The effect of PET-CT FOV pre-processing was a decrease in the RMS ARE from 3.8 mm to 2.5 mm in the four subjects where it was appropriate. Registration of PET to MR was less reliable than PET-CT registration but reliability was improved by resampling the PET data and using NMI as the similarity measure. In this case the optimum registration was performed taking a single step at three resolution levels, with an initial step size of 1 mm. This gave an RMS ARE of 14.5 mm (no failures). For PET-MR and CT-MR registration an ARE greater than 30 mm was considered a failure. The effect of PET FOV pre-processing was to prevent registration failures in subjects 3 and 6 and decrease the RMS ARE from 14.2 mm to 7.4 mm in the other two subjects where it was appropriate. The results of PET to MR registration are displayed in figure 3(b) .
Optimum parameters for CT to MR registration were four steps with an initial size of 4 mm at three resolution levels again taking normalized mutual information as the similarity measure. This gave an RMS ARE of 9.5 mm (no failures). CT FOV pre-processing prevented registration failures, again in subjects 3 and 6, and decreases the RMS ARE from 20.7 mm to 5.2 mm in the other two subjects. These results are summarized in figure 3(c) .
Non-rigid voxel-similarity registration
The target registration errors for PET-CT, PET-MR and CT-MR non-rigid registration using the corresponding rigid-body transformation to initialize the algorithm, three resolution levels, two steps, 2 mm initial step size and a 10 mm control point spacing were 6.8 mm, 16.3 mm and 8.0 mm, respectively. Operating at a single resolution level with four steps, an initial step size of 4 mm and a control point spacing of 40 mm gave errors of 9.9 mm, 25.1 mm and 7.6 mm for the same registration operations. An illustration of the improvement in non-rigid alignment over rigid-body registration is given in figure 4. 
Registration of PET to MR using the CT to MR transformation
Application of the rigid-body image content derived CT to MR transformations to the PET data gave an RMS ARE of 10.0 mm. Transforming the PET data with the non-rigid CT to MR transform gave an ARE of 8.5 mm. The improvement offered by this process is illustrated in figure 5 while these results are summarized in table 4 with the results of all other registrations (a) (b) Figure 4 . Fused CT and MR images following registration using either (a) rigid-body or (b) the non-rigid algorithms in subject 6. Note the improved alignment in the region of the lung wall and the humerus after non-rigid registration compared to the results of rigid-body registration. This improved alignment of internal structures would not necessarily result in a decreased error measured at the external markers. Figure 5 . Direct rigid-body voxel-similarity PET to MR registration (top) versus rigid-body PET to MR registration using a CT to MR derived transformation (below). Note that the poor alignment of the region of increased FDG uptake with the MR abnormality in the top right image is significantly improved (bottom right) if the CT to MR registration transformation is applied to the PET data instead of the direct PET to MR transformation.
performed. Rigid and non-rigid voxel-similarity PET-CT registration prior to application of the CT-MR transformation did not offer any additional improvement.
Visual assessment
The mean score and modal rank for the four registration methods are summarized in table 5. Both reviewers rated the registration of PET and MR using the CT to MR transformation above Rigid-body CT-MR point-based b 5.3 8.7 1.9 9.3 15.9 3.8 5
Rigid-body PET-CT voxel-similarity (three levels, steps of 2 and 1 mm at final level, NMI, limited PET-CT FOV)
6.4 11.8 1.8 6 Rigid-body PET-MR voxel-similarity (three levels, 1 mm step at final level, NMI, limited PET-CT FOV)
14.5 28.9 4.6 7 Rigid-body CT-MR voxel-similarity (three levels, steps of 4, 2, 1 and 0.5 mm at final level, NMI, limited PET-CT FOV)
9.5 18. a Two independent reviewers were blinded as to which method they were assessing and agreed as to the superiority of the hybrid registration technique over the direct method.
the direct registration of PET and MR. However, reviewer 1 favoured the use of the non-rigid CT-MR transformation for PET-MR registration in five subjects and point-based registration in three subjects, while reviewer 2 favoured the use of the rigid CT-MR transformation in seven subjects and the non-rigid CT-MR transform in two subjects.
Discussion
While the degree of mechanical misalignment is likely to vary with scanner and couch design, patient movement is a more universal problem. The phantom experiments suggest that on a recently calibrated system, a PET-CT misalignment of a few millimetres could be expected. It may be that a calibration acquired in a single bed position with a standard couch loading is not sufficient for all applications and multiple calibrations performed with different couch loadings in different positions may allow derivation of a patient-specific affine transformation that improves alignment accuracy. However, this would depend on the reproducibility of bed sag and translation errors between acquisitions and, given that gantry misalignment alone would not account for the errors seen in this study, any improvement would, most probably, be negligible. As the bed moves from the CT scanning position to the PET scanning position the patient seems, however subconsciously, to brace themselves as the 'plank' on which they are lying moves back and forth. At best the PET and CT component of PET-CT scanning can be treated as two independent images that are in 'good' spatial alignment. While the voxelbased rigid-body registration of PET to CT improves alignment in six of the ten subjects, the technique is not completely reliable and its use to routinely correct for systematic and patient-related PET-CT misalignment errors would have to be considered with a degree of caution.
The patient group reflects the range of STS seen in our clinic and, while a narrower range of errors may have been observed in a more homogeneous group, these results provide a useful indication of the errors arising in clinical practice where the 'worst case' is often more important than the 'best'.
While the direct rigid-body registration of PET to MR using the voxel-similarity algorithm was both unreliable and inaccurate, the increased similarity between the CT and MR images meant CT to MR registration generally gave acceptable results. It is interesting that the registration parameters can have such a large effect on registration accuracy and the ideal registration parameters undoubtedly depend on the type and location of the imaged volume. Large steps can cause the algorithm to deviate so far from the true minima that it cannot find a way back, small steps may prevent the algorithm reaching the minima within a practical timeframe. In this study, the registration was allowed to run unsupervised but our experience suggests that an initial transformation derived by visual inspection of an overlay of the two data sets can improve reliability. Resampling the PET and CT data to a common matrix size with voxel dimensions similar to those of the MR scan has a slight smoothing effect upon the data and the consequent reduction in local minima may account for the increased reliability when registering these data. Restricting the PET-CT FOV to more closely match the MR prevents the registration algorithm stalling on incorrect local minima, as seen in subjects 3 and 6, and may bring the correct solution within range of the search algorithm, explaining the improved result in the other two subjects. Field-of-view cropping may also result in a PET or CT image histogram that more closely reflects the content of the MR scan to give a more accurate result but this is harder to evaluate, particularly with the small numbers involved in this study.
The superior registration CT to MR provides a simple route to improved PET-MR alignment. The indirect PET-MR registration technique is both accurate and reliable and provides a practical alternative to the uses of external markers. The main drawbacks of external markers have always been their prospective nature and the additional work involved in their preparation, now PET-CT allows retrospective registration to be easily performed with a similar accuracy. It is, however, worth noting that the relatively long duration of PET image acquisition can smooth physiological motion, e.g., of the liver and diaphragm under the influence of breathing. This may lead to better image registration of (non-CTcorrected) PET with MR than would be possible with CT and MR images acquired at different points in the breathing cycle. However, any apparent gains in registration accuracy may be illusory as such physiological motion introduces mismatches between the PET data and the CT attenuation correction map that result in erroneous PET activity distributions in the corrected images and small displacements in the position of 'hot' lesions relative to surrounding structures. These effects are particularly evident close to tissue/air and, to a lesser extent, tissue/bone boundaries and may not have a big influence on soft-tissue masses within regions of homogeneous soft tissue. Until the problems of accurate attenuation correction in PET-CT are resolved, improvements offered by this hybrid registration technique may be anatomical region specific.
Similarity between the measured FRE and the 'expected FRE' would confirm the validity of the rigid-body model but in our patient group the difference between the measured FRE and the expected FRE and the large differences between measured FRE and TRE in the pointbased registration evaluation confirm the suspected deviation from the rigid-body model. The results of the non-rigid registration of PET to both CT and MR are disappointing and, although the multiresolutional approach to non-rigid registration was more reliable than registration performed at a single resolution level, the results were not as good assuming the rigid-body assumption was valid.
However, CT to MR registration was more accurately performed using a non-rigid algorithm. The error measure used in this study is relatively crude and cannot detect any improvement in feature alignment within the volume of interest distant from the markers. While the two reviewers who performed the visual analysis disagreed as to any perceived improvement in PET-MR registration using the non-rigid CT-MR transform, both agreed that the use of the CT transform produced better results than direct PET to MR registration.
Conclusion
Alignment of PET with MR is best performed as the registration of the CT component of the PET-CT scan to MR and subsequent application of this transformation to the PET data. The CT-MR registration is robust enough to allow the derivation of a non-rigid transformation.
